Coalescence frequency and lifetimes of thin aqueous films formed between nitrogen bubbles were measured in dilute solutions of sodium lauryl suitate, «-amyl alcohol, and 1-butanol. The bubble pairs were formed on two adjacent capillary tubes by use of a microprocessor-controlled stepping motor, and the coalescence time was determined by an optical sensing method. For low-molecular weight alcohols such as 1-butanol and «-amyl alcohol, the transition concentration decreased with increase of bubbling frequency. But for high-molecular weight surfactants such as sodium lauryl sulfate, it increased with bubbling frequency. Coalescence times increased with solute concentration and also with surface tension gradient.
Introduction
Bubble coalescence plays a significant role in determining bubble size distribution, gas holdup, inter facial area and bubble rise velocity, which govern the performance of bubble columns and distillation towers. For this reason, a knowledge of the coalescence behavior of bubbles in various liquids and solutions becomes important, and a vast number of papers have appeared in this broad field. Whentwo bubbles come in contact, a thin liquid film forms between them, draining until an instability forms. Then coalescence occurs. The bubble coalescence mechanism is considered to be a three-step process: (1) The approach of two bubbles to within a distance of 10"5-10"6 m. (2) Further thinning of the liquid layer between the bubbles to a thickness of about 10~8 m. (3) Rupture of the thin liquid layer via an instability mechanism. A number of mathematical models have been developed to address various features of each process.1' 6' 11* First, Reynolds15* studied the rate of approach between two surfaces separated by a draining thin film. He assumed that the two surfaces were both flat and rigid. His result for the rate of drainage was quoted in the interpretation of the kinetics of thinning by many investigators.10* good understanding of this phenomenon is required to apply it in various chemical engineering fields.
In the present study, the coalescence behavior of contacting bubbles grown on adjacent nozzles was considered. This method reduces the possibility of contamination at the gas-liquid interface, since fresh clean surfaces are formed just before the coalescence event. The inhibition of bubble coalescence in water by the addition of various organic solutes and, in particular, the concentration dependency of this effect was investigated experimentally. Coalescence time was defined as the time elapsed between the first contact of bubbles and coalescence, and was measured by an optical probe method. The results were compared with the values predicted by previous theory.
1. Experimental
Apparatus
The experimental apparatus used in this work is similar to that of previous investigators3'7'16) except for the method of measuring coalescence time by optical probe, and is shown schematically in Fig. 1 . The adaptability of the optical probe method to study bubble coalescence in transparent liquids has been verified and is described well in the literature.2) Bubbles were produced through two parallel capillary tubes (15) in a bubble chamber (16) , which was a glass vessel with water jacket, 0.036m, i.d. and The two ends of the chamber were sealed with teflon plugs which were inserted by bubble injection tubes and an optical sensor holder tube (SUS 304, 0.006m o.d.) respectively. The distance between the two orifice tubes was 8.5 x 10~4m. Nitrogen gas (13) was pre-saturated in distilled water (14) and fed to the capillary tubes through two gas-tight syringes (ll).
Gas feed rates were controlled by two variable-speed stepping motors (10) which were controlled by microprocessor (7) independently, and uniform-size bubbles could be produced continuously. All experiments were carried out at a temperature of 25± 1°C. Bubble coalescence frequency and coalescence time were detected by an optical sensing method for eliminating the demerits of the photographic method or direct observation by naked eye. Light from a 60W tungsten halogen lamp (1) was concentrated by an optical lens and guided into the film between two bubbles, using a 1.25x 10~4m i.d. optical fiber (2).
The intensity of light passing through the film was measured with a photo darington (3). The collectoremittor voltage of the photo darington was sampled at constant time intervals through an A/Dconverter (6) . The time interval between apparent contact and film rupture of bubbles was determined by analysis of the data.
The validity of this optical probe method was verified by the following steps.
As the bubbles were formed, they were photographed by a 35-mm Nikon FM2 camera with micro-lens and ring flash through an optical glass window fitted in the wall. Kodak negative film (ASA 400) was used to record the bubble coalescence events in this work. All the operations of the camera were VOL. 20 NO. 5 1987 done at a shutter speed of 1/125 second.
The light flash made the detector signal jump to a peak at the instant of photographing. This enabled the detector signal to compare exactly with the frames of the events during bubble formation and coalescence.
The solutions were prepared by using distilled and deionized water with conductivity always lower than 10~4 S/m. Bubble volume and diameter were calculated from the linear velocity of plunger, barrel diameter and number of bubbles in a unit time, and the calculated bubble size was compared with the bubble size as determined by the photographic method.
The nozzle diameter was used as a reference for the determination of bubble sizes. Bubbles generated from nozzles were of the same size, 3.3 x 10~8m3, in this operating range.
Operating conditions and raw materials in this work are summarized in Table 1 . Figure 2 shows a series of photographs made with a HYCAM high-speed motion camera operated at a speed of 1000 frames/s through an optical glass window, and typical detector signals for bubble growth and coalescence are shown in Fig. 3 .
Principle of measurement
Whentwo spherical bubbles of equal volume approach at constant velocity in a pure liquid, the bubbles promptly coalesce after contact. In the presence of impurities, quasi-equilibrium films are maintained after contact, as shown in Fig. 2 . Each bubble growing side-by-side without rupturing increases in size until the buoyant force equals the surface tension force that holds the bubble on the orifice tip. At that moment, the bubble rises from the tip. The elapsed time to the moment of detachment is the limiting time to be measured at any concentration of solute. Coalescence time is defined as the elapsed time between the instant of contact and rupture, and it is determined from the radiant flux received by the detector. In a pure liquid, coalescence occurs at contact and the post-contact growth step can be neglected. The coalescence time of nitrogen bubbles in pure water is known to be about 1 ms.16) Therefore, the instant of contact in any solution is decided by comparing the detector signal with that in pure water.
The instant of film rupture shows a sharp increase in the light flux as shown in Fig. 3 . The frequency of coalescence is defined as the ratio of the number of coalescing pairs over the total number of pairs contacted.
The experimental procedures for determining coalescence time and frequency were carried out repeatedly (more than 30 events) at each bubble formation rate. The easier synchronization of bubbling due to the independent movement of the step- motors gave a good reproducible results (± 10%).
Analysis and Discussion 2.1 Transition concentration
It is considered that the coalescence procedure involves the three steps described previously, and that the third step is very rapid in comparison to the first 450 two. The first step is an extremely rapid thinning of the film downto a quasi-equilibrium thickness at which the surface forces on the film are balanced. Using Marrucci's nomenclature, the overall balance of forces is written simply as:11} hAP=2Aa (1) This critical transition concentration is related to the solute concentration at which the transition from mobile to immobile surfaces occurs, and the value can be evaluated by the dimensionless concentration
where C is a fixed quantity having dimensions of force.
Whenever the value of the Marrucci parameter, /, is larger than 1.89, the time needed for coalescence is determined by the further thinning of the quasiequilibrium film down to rupture, and is described as coalescence time, tc.
The transition concentration derived from Eqs. (2) and (3) and the criteria of Marrucci parameter is represented as:
Experimentally, the transition concentration is defined as the concentration resulting in 50%coales-cence frequency. Experimental values of transition are compared in Table 2 butanol «-amyl alcohol. But in sodium lauryl sulfate solution, a higher surfactant concentration was required for the higher bubbling frequency to have a retarding effect on bubble coalescence, and a similar result was also obtained by Yang and Maa, 19) namely that transition concentration increased with increase of bubbling frequency. It is interesting to observe the opposite effects of bubble formation rate on coalescence frequency. It is considered that the deviations due to bubble formation rate can be interpreted in terms of the effect of bulk and surface diffusion of the surfactant. For diffusion-controlled surfactant transfer, an increase in total inter facial viscosity results in a decrease in inter facial mobility and thus higher drainage time. It has been shown in the literature20) that alcohols of higher molecular weight have considerably stronger effect in retarding bubble coalescence. In low-molecular weight solutes, which have carbon number less than 8, the surface of the bubble is rapidly replenished in this system, but in highmolecular weight surfactant, a large surface tension gradient maybe created on the surface.
A notable characteristic of stable films is their resistance to mechanical disturbance. This important property can be considered as elasticity of the film, E, and has been shown as follows:14)
Equilibrium surface tension as a function of concentration obeys the von Szyszkowski equation: VOL 20 NO. 5 1987 crw-cj= RGTroo \n(l +c/a) (6) The parameters F^and a are determined from equilibrium surface tension measurements and are given in Table 3 . The equilibrium surface tensions vs.
concentrations for three components are given in Fig.  5 . The film elasticity at any film thickness and concentration can be calculated by Eqs. (5) and (6), and the results are also given in Table 3 . Sodium lauryl sulfate solution shows a sharp transition at low concentration because of its higher surface elasticity than that of other solutes at the same concentration.
Coalescence time
According to Andrew's model,19) the time required to stretch the liquid film between these two bubbles from an initial thickness can be computed by:
(2c(dd/dc)2 + hA P(da/dc))2 we estimated h0 and hf from Marrucci and Vrij's theories, respectively. In this paper, initial film thickness, h0, was considered as the quasi-equilibrium thickness and was calculated from:
At large thickness, the following approximate expression was used to predict critical rupture thickness. hf = 026% (A2R2floPrfoy n (9) Strictly speaking, the disc radius, Rf, is a function of time, but in this work we assumed it to be constant (about 10~4-10"5m) as did past workers. of sodium lauryl sulfate at a lower bubble contacting frequency is smaller than at a higher one (see Fig. 7 ). The time required to reach coalescence increases with increase of solute concentration because of the rise in surface excess concentration. At higher bubble formation rate, the surface tension gradient at the interface increases due to lower diffusion rate, and as a result the bubble coalescence time increases. In 1-butanol, the diffusion rate is very large and the 452 Fig. 7 . Measuredcoalescence times for aqueous solution of sodium lauryl sulfate at various contacting frequencies. surface of the bubble is rapidly replenished. Therefore, the surface of the bubble can be assumed to be at equilibrium in spite of the difference of formation rate (Fig. 8) . Film drainage rate is mainly dependent on the pressure of the film between two bubbles, which is related to bubble contacting frequency. Generally, the result showed a sharp change in dependence of coalescence time on solute concentration. Conclusion 1) Observation of the coalescence processes of gas bubbles was carried out with an optical sensing method. This method showed reliable reproducibility for studying the behavior of bubble coalescence. 2) Surface-active solutes with large surface elasticity have the effect of retarding the coalescence of gas bubbles.
3) The effect of bubble formation frequency on bubble coalescence frequency showed opposite tendencies according to species of solute. 
